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The Naval Research Laboratory h a s  r e l a t e d  t h e  f r e e z i n g  p o i n t  of JP-5 type 
f u e l s  t o  t h e  n-alkane c o n t e n t ,  s p e c i f i c a l l y  n-hexadecane ( 1 ) .  This r e l a t i o n -  
sh ip  a p p l i e s  t o  j e t  f u e l s  der ived  from any crude o i l  source. In genera l ,  j e t  
f u e l s  from s h a l e  crude have the  h i g h e s t  and those from coal  the  lowest n-al- 
Lane content .  

The q u a n t i t y  of l a r g e  n-alkanes present  i n  s h a l e  crude i s  i n s u f f i c i e n t  t o  
expla in  the  alkane conten t  (up t o  37%) of f u e l s  der ived  from sha le .  
Precursors  t o  small s t r a i g h t  c h a i n  molecules i n  t h e  j e t  f u e l  range might be 
long chain branched o r  c y c l i c  s u b s t i t u t e d  compounds which rupture  during 
thermal r e f i n i n g  processes .  At tack  on a s i d e  cha in  could a f f o r d  a pa th  t o  an 
alkane (2) .  

The thermal c racking  of hydrocarbons i s  wel l  documented i n  the  l i t e r a t u r e  
(3-5). In 1933, Rice ( 6 )  proposed h i s  c l a s s i c a l  f r e e  r a d i c a l  c h a i n  mechan- 
i s m .  The thermal  decomposi t ion of small a lkanes  (C,-C,) a t  low p r e s s u r e  and 
high temperature i s  now w e l l  understood.  S imi la r  r a d i c a l  mechanisms have 
been shown by s e v e r a l  a u t h o r s  t o  account f o r  the  k i n e t i c s  of the  thermal 
decomposition of small  (up t o  C,) a lkanes  (7) .  Although a few examples of 
thermal c racking  of higher  hydrocarbons a r e  found i n  t h e  l i t e r a t u r e  (8.9). 
they a r e  not  adequate f o r  d e t a i l e d  comparison. Uost of these  s t u d i e s  have a 
p a r t i c u l a r  emphasis on k i n e t i c s  w i t h i n  t h e  Rice-Kossiakoff theory 
parameters. Fabuss, Smith and S a t t e r f i e l d  (8)  have r e p o r t e d  da ta  and 
proposed a mechanism f o r  n-hexadecane p y r o l y s i s  a t  p r e s s u r e s  much h igher  than 
those s t u d i e d  by Rice. 

The purpose of t h e  p r e s e n t  r e s e a r c h  i s  t o  t e s t  t h e  v a l i d i t y  of Fabuss- 
Smi th-Sat te r f ie ld  (F-S-S) (8) f o r  lower temperatures  and h igher  p r e s s u r e s  and 
t o  r e p o r t  t h e  product  d i s t r i b u t i o n  f o r  the  thermal c racking  of l a r g e  model 
cornpounds of v a r i e d  s t r u c t u r e .  These compounds were pyrolyzed a t  temperature 
and pressure  c o n d i t i o n s  t y p i c a l  of  the  pet,rolenm r e f i n i n g  process  known a s  
delayed coking. 

EXPERIMENTAL 

Reanent s 

1-Phenyl pentadecane, 1-phenyl te t radecane ,  2-methyl octadecane,  and tri- 
decyl  cyclohexane obta ined  from P f a l t z  and Bauer were passed  through 
a c t i v a t e d  s i l i c a  g e l  and f r a c t i o n a t e d .  n-lexadecane was a Nat iona l  Bureau of 
Standard r e f e r e n c e  sample and was used a s  received.  2-n-Pentadecyl pyr id ine  
was prepared by a s tandard  method (10) and f r a c t i o n a t e d .  The f r a c t i o n  
b o i l i n g  a t  17OoC a t  33.2 Pa was r e t a i n e d  and c h a r a c t e r i z e d  by GC/MS. The 
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P m i t Y  Of t h e  hydrocarbons was judged p r i m a r i l y  from vapor phase chroma- 
tography. 
compared t o  a s i m i l a r  compound used a s  an i n t e r n a l  s tandard.  

The a r e a  of the  main chromatogram peak was always 99.9% when 

Method - 
The compounds were pyrolyzed a t  temperature  and p r e s s u r e  c o n d i t i o n s  t y p i c a l  

of the  petroleum r e f i n i n g  p r o c e s s  known a s  delayed coking. 
used were 723OK and about 600 kF'a. A t y p i c a l  p y r o l y s i s  was c a r r i e d  out  in a 
Six inch long 114 inch 0.d. 316 8 . 5 .  tube c losed  a t  one end and f i t t e d  a t  t h e  
o ther  end with a s t a i n l e s s  s t e e l  valve v i a  a Swagelok f i t t i n g .  The tube. 
containing a weighed amount of sample (approximately 0.1 g ) ,  was a t t a c h e d  t o  
a vacuum system, cooled t o  19S0K, and s u b j e c t e d  t o  t h r e e  freeze-pump-thaw 
cycles .  The deaera ted  samples were warmed t o  room temperature  and pyrolyzed 
by i n s e r t i n g  them i n t o  9 /32  inch holes  i n  a s i x  inch diameter  aluminum block  
f i t t e d  with h e a t e r s  and a temperature  c o n t r o l l e r .  A f t e r  the p y r o l y s i s  
per iod,  the tube was cooled t o  195OK and t h e  v a l v e  removed ( u n l e s s  the  sample 
was analyzed f o r  low-molecular weight g a s e s ) .  Benzene ( o r  o t h e r  appropr ia te  
s o l v e n t )  was added t o  t h e  tube which was then capped and warmed t o  room 
temperature. The s o l u t i o n  and t h r e e  subsequent r i n s e s  were t r a n s f e r r e d  t o  a 
screw cap v i a l  ( t e f l o n  cap l i n e r )  and s t o r e d  a t  O°C unt i l  a n a l y s i s .  The 
sample concent ra t ion  i n  t h e  so lvent  was t y p i c a l l y  5%. P r i o r  t o  a n a l y s i s ,  
weighed amounts of i n t e r n a l  s tandards  were added. Since a t y p i c a l  
chromatogram requi red  60 minutes ,  two i n t e r n a l  s tandards  were u t i l i z e d .  One 
( t y p i c a l l y  p-xylene) a f forded  q u a n t i t a t i o n  f o r  the  peaks w i t h  s h o r t  r e t e n t i o n  
t imes and a second ( t y p i c a l l y  1-phenyl t r i d e c a n e )  was used f o r  the  peaks wi th  
longer  r e  t e n t  ion  times. 

The condi t ions  

The s t a i n l e s s  s t e e l  tubes  were used f o r  s e v e r a l  runs.  A l l  tubes  were 
subjec ted  t o  the same c leaning  procedure.  They were f i l l e d  w i t h  toluene,  
c leaned wi th  a s t a i n l e s s  s t e e l  brush,  r i n s e d  w i t h  toluene twice,  then wi th  
methylene c h l o r i d e  and d r i e d  i n  a i r  a t  123OK f o r  one hour .  

The pyrolyzed samples were analyzed by t h r e e  techniques,  a l l  based on gas 
chromatography. I n  t h e  f i r s t ,  a Hewlett Packard Gas Chromatograph Model 
5880A w i t h  F.I.D. d e t e c t o r  equipped w i t h  a SO meter wal l -coated open t u b u l a r  
(OV-101) fused s i l i c a  c a p i l l a r y  column gave t h e  necessary  r e s o l u t i o n  t o  
d i s t i n c t l y  s e p a r a t e  the  a lkanes  and 1-alkenes. A c a r r i e r  gas  f low of one 
mllminnte was combined w i t h  an i n l e t  s p l i t  r a t i o  of 60 : l  and a 325OC i n j e c t o r  
temperature. The column temperature  was programmed t o  260OC a t  40lmin a f t e r  
an i n i t i a l  hold a t  SOOC f o r  8 minutes. Peak i d e n t i f i c a t i o n  f o r  a l l  t h r e e  
techniques was based on r e t e n t i o n  time matching wi th  n-alkane and 1-alkene 
s tandards.  

A second GC technique,  used f o r  longer  r e t e n t i o n  t ime (Cll-C18) n-alkanes 
and 1-alkenes, u t i l i z e d  a P e r k i n  Elmer 3920B Gas Chromatograph equipped w i t h  
an SE-30 110 foot  support  coated open t u b u l a r  g l a s s  c a p i l l a r y  column and a 
F.I.D. d e t e c t o r .  The chromatogram was recorded and i n t e g r a t e d  on a Hewlett 
Packard Uodel 3390A r e p o r t i n g  i n t e g r a t o r .  The temperature  program was t h e  
same a s  f o r  the 5880A a n a l y s i s .  

I n  the  f i r s t  technique,  the  long r e t e n t i o n  t imes  coupled w i t h  an i n l e t  
s p l i t  d i d  not  give r e l i a b l e  a n a l y t i c a l  response above Clz.  The p-xylene 
i n t e r n a l  s tandard was consequent ly  used f o r  C,-C,, a n a l y s i s .  The second GC 
technique was s p l i t l e s s  and gave good response f o r  longer  r e t e n t i o n  t imes,  
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b u t  not good s e p a r a t i o n  a t  s h o r t  r e t e n t i o n  t imes.  The 1-phenyl t r idecane  
i n t e r n a l  s tandard  was used f o r  t h e  Clo-CI, hydrocarbons. Both techniques 
gave the same a n a l y t i c a l  r e s u l t s  f o r  the  mid-range carbon numbers (C,-Clz). 
This  served a s  a s e n s i t i v e  check between the two techniques.  

In the t h i r d  technique.  gases  formed dur ing  p y r o l y s i s  were analyzed us ing  
a Beckman Model GC-72-5 g a s  chromatograph equipped w i t h  an Apiezon L alumina 
packed column and a F.I.D. In t h i s  mode, the column was opera ted  a t  200oC. 
The chromatogram was recorded and i n t e g r a t e d  on a Hewlet t  Packard Model 3390A 
repor t ing  i n t e g r a t o r .  For  t h i s  procedure,  the  tubes  were cooled t o  1950K 
a f t e r  p y r o l y s i s  and t h e  tube v a l v e  connected d i r e c t l y  t o  a GC gas  sampling 
v a l v e  v ia  a swagelok connect ion.  The sample tube was allowed t o  warm up t o  
room temperature before  a n a l y s i s .  An e x t e r n a l  s t a n d a r d  was used f o r  
c a l i b r a t i o n .  A p r e s s u r e  gauge measured t h e  p r e s s u r e  i n  the  sample loop a t  
t h e  t m e  of a n a l y s i s .  

RESULTS 

A l l  samples were pyrolyzed a t  7230K and 600 kF’a i n  s t a i n l e s s  s t e e l  tubes 
f o r  t m e  p e r i o d s  of 1 5 ,  30,  60 ,  120.  and 180 minutes. There was no evidence 
of c a t a l y s i s  by t h e  tube w a l l s  except  f o r  n- t r idecyl  cyclohexane. Only 
condi t ioned tubes  ( a s  d e s c r i b e d )  were used. 

Table I l i s t s  f o r  each p y r o l y s i s  time. the  sums of t h e  n-alkanes and l-al- 
kenes f o r  C, and h igher  a l i p h a t i c s  and t h e  sums f o r  a l l  the  s u b s t i t u t e d  o r  
branched hydrocarbons. 

For 1-phenyl pentadecane,  1-phenyl te t radecane ,  and 2-n-pentadecyl 
pyr id ine ,  the  sums of n-alkane and 1-alkene y i e l d s  a r e  n e a r l y  equal  f o r  a 60 
minute p y r o l y s i s .  The e f f e c t  of a 60 minute s t r e s s  on s t r a i g h t  cha in  
hydrocarbon y i e l d  i s  i l l u s t r a t e d  i n  F igure  1 f o r  1-phenyl pentadecane and 
2-n-pentadecyl p y r i d i n e .  The n-alkane and 1-alkene f o r  each carbon number is 
i l l u s t r a t e d .  Shor t  p y r o l y s i s  t i m e s  favor  1-alkenes whi le  longer  t imes favor  
increased  n-alkane y i e l d s .  The benzene s u b s t i t u t e d  a lkenes  from both  
1-phenyl pentadecane and 1-phenyl te t radecane  a r e  q u i t e  s t a b l e  increas ing  
from 3.6% and 2.6% f o r  a 1 5  minute s t r e s s  t o  8.1% and 8.9% r e s p e c t i v e l y  f o r  
18u minute s t r e s s .  Styrene i s  t h e  alkene p r e s e n t  in h i g h e s t  y i e l d .  For 
1-phenyl pentadecane. s tyrene  v a r i e s  from 0.7% a t  1 5  minutes  t o  7.8% a t  180 
minutes and f o r  1-phenyl t e t r a d e c a n e  from 0.5% a t  1 5  minutes  t o  8.8% a t  180 
minutes. 

Toluene and e t h y l  benzene were the  most s t a b l e  s u b s t i t u t e d  benzenes 
formed. 
2.9% e thyl  benzene were formed. 
were formed. The same t rend  was noted f o r  1-phenyl te t radecane;  a t  1 5  
minutes t h e  toluene y i e l d  was 3.2% and e t h y l  benzene was 2.4%. A t  180 
minutes, 14.8% and 0.2% r e s p e c t i v e l y  were found. 
i n i t i a l  product .  b u t  i t  does b r e a k  down a t  long s t r e s s  t imes.  No benzene was 
found i n  the  product  mix. F igure  2 d e p i c t s  the  s u b s t i t u t e d  alkane and alkene 
y i e l d  f o r  each carbon number f o r  a 60 minute p y r o l y s i s  of 1-phenyl penta- 
decane. 

For a 1 5  minute p y r o l y s i s  of 1-phenyl pentadecane,  3.3% toluene and 
A t  180 minutes, 14.9% and 0.2% r e s p e c t i v e l y  

E t h y l  benzene was a major 

The pyr id ine  s u b s t i t u t e d  a l k a n e s  and a lkenes  from 2-n-pentadecyl pyri-  

The s u b s t i t u t e d  a l k e n e s  e x h i b i t  very  l i t t l e  thermal  s t a b i l i t y  
d i n e  show a remarkable d i s s i m i l a r i t y  with a l l  of t h e  o t h e r  compounds 
pyrolyzed. 
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a f t e r  a p y r o l y s i s  of only 30 minutes and t h e  very low y i e l d  drops t o  z e r o  
While the  s u b s t i t u t e d  alkane shows a h igh  degree of s t a b i l i t y  gradual ly  
increas ing  i n  y i e l d  u n t i l  a t  180 minutes i t  a t t a i n s  18.5%. 
Of the  s u b s t i t u t e d  p y r i d i n e s  was 2-methyl pyr id ine  which increased  from 3.0% 
a t  1 5  minutes t o  11.7% a t  180 minutes. No p y r i d i n e  was found i n  t h e  product  
mix. 

The most s t a b l e  

Table I1 l i s t s  f o r  the  60 minute p y r o l y s i s ,  the  t o t a l  a l i p h a t i c  product  
y i e l d  (C, and h i g h e r )  f o r  a l l  of t h e  compounds reac ted .  
Tables  I and I1 gives  the  C,-C, y i e l d  from each of t h e  long cha in  compounds. 
The y i e l d s  a r e :  14.5% f o r  1-phenyl pentadecane, 13.1% f o r  1-phenyl 
te t radecane ,  16.0% f o r  2-pentadecyl p y r i d i n e ,  4.8% f o r  n-hexadecane. 10.3% 
f o r  2-methyl octadecane,  and 4.0% f o r  n- t r idecyl  cyclohexane. That 
s u b s t i t u t e d  p y r i d i n e s  and benzenes a r e  much more s u s c e p t i b l e  t o  p y r o l y s i s  can 
be seen by a comparison wi th  n-hexadecane. For a 1 5  minute p y r o l y s i s  62.5% 
of the  1-phenyl pentadecane, 64.02 of 1-phenyl te t radecane  and 53.5% of 
2-n-pentadecyl pyr id ine  remain, bu t  95.1% of  the n-hexadecane remains. F o r  a 
60 minute p y r o l y s i s ,  t h e  C,-C, y i e l d  from n-hexadecane was only  4.8%. 
same product t rend  i s  observed a s  f o r  the  o t h e r  compounds; t h e  n-alkane does 
not  equal  the  1-alkene y i e l d  u n t i l  approximately the  120 minute p y r o l y s i s  of 
the  n-hexadocane. A t  180 minutes t h e  n-alkanes predominate. Under the non- 
c a t a l y t i c  condi t ions  of the  experiment, i somer iza t ion  was n o t  expected and 
only s l i g h t  t r a c e s  of i somer iza t ion  were found. A t  180 minutes  f o r  the 
n-hexadecane, the  lower n-alkanes and 1-alkenes predominate (n-pentane 9.6% 
and 1-pentene 5.0%). F igure  1 shows t h e  decrease  i n  the  long c h a i n  componnds 
and t h e  concomitant dramatic  increase  i n  the  s h o r t e r  cha in  hydrocarbons f o r  
the  60 minute p y r o l y s i s  of 1-phenylpentadecane and 2-n-pentadecyl p y r i d i n e .  

A comparison of 

The 

The p y r o l y s i s  of 2-methyl octadecane proceeds a t  a f a s t e r  r a t e  than  n-hex- 
adecane. For a 15 minute p y r o l y s i s ,  77.1% of  the  2-methyl octadecane remains 
versus  56.6% a t  30 minutes. This  compares t o  95.1% and 15.9% r e s p e c t i v e l y  
f o r  the  n-hexadecane. The s t r a i g h t  cha in  hydrocarbons exceeded t h e  branched 
hydrocarbons by 2 t o  3 fo ld .  

S u b s t i t u t e d  cyclohexanes would a t  f i r s t  be expected t o  be cons iderably  
more r e a c t i v e  than s t r a i g h t  cha in  hydrocarbons. T h i s  was n o t  the  case,  how- 
ever .  For 1 5  minute p y r o l y s i s ,  87.3% of the n- t r idecyl  cyclohexane remains. 
The product d i s t r i b u t i o n  i s  a s  expected,  bu t  the  n-alkane does n o t  
approximate the  1-alkene y i e l d  u n t i l  120 minutes of p y r o l y s i s .  The long 
c h a i n  cyclohexane a l s o  produced the  lowest  C,-C,,yield (4.0%) f o r  t h e  60 
minute s t r e s s .  

The s u b s t i t u t e d  benzenes and p y r i d i n e s  d i d  not  y i e l d  e i t h e r  benzene o r  
p y r i d i n e .  However. n - t r idecyl  cyclohexane y i e l d e d  cyclohexane a s  w e l l  a s  
benzene, toluene,  and methyl cyclohexenes i n  apprec iab le  concent ra t ions .  

A m a t e r i a l  balance was run f o r  each compound. The main peaks of the 
chromatograms account f o r  approximately 85% of the  o r i g i n a l  compounds, The 
very  small  peaks account f o r  another  5-6%. It i s  a l s o  probable  t h a t  the 
remainder i s  e i t h e r  polymerized o r  p r e s e n t  a s  char .  The formation of 
i n s o l u b l e s  was not  n o t i c e a b l e  f o r  s h o r t  p y r o l y s i s  t imes.  A small  amount of 
i n s o l u b l e s  was noted f o r  the  120 and 180 minute p y r o l y s i s  t imes,  e s p e c i a l l y  
f o r  2-pentadecyl pyr id ine .  The product  d i s t r i b u t i o n  was r e p e a t a b l e  t o  2% 
r e g a r d l e s s  of whether a new s t a i n l e s s  s t e e l  tube o r  a p r e v i o u s l y  used but  
condi t ioned  tube was used. 
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DISCUSSION 

F-S-S behavior  p r e d i c t i o n s  a r e  fol lowed f o r  a l l  of t h e  compounds pyro- 
lyzed.  The f i r s t  members of t h e  n-alkane and 1 - o l e f i n  s e r i e s  a r e  formed i n  
smaller  amounts than t h e  second members. Low n-tetradecane (ok), n-penta- 
decane (0%)  and 1-pentadecene (0.2%) y i e l d s  f o r  a 30 minute s t r e s s  of n-hex- 
adecane, fo l low t r a d i t i o n a l  F-S-S theory.  The model a l s o  p r e d i c t s  equal  
amounts of hydrocarbons i n  t h e  in te rmedia te  cha in  l e n g t h  range,  a behavior  
observed f o r  severa l  cornpounds i n  these  experiments .  For n-hexadecane. t h e  
t o t a l  y i e l d  i n c r e a s e s  a t  60 minutes but  t h e  s h i f t  t o  lower carbon number (C,- 

C,) 
decomposition. 
a lkane reaching  14.596 f o r  t h e  180 minute s t r e s s  of n-hexadecane. 

i n d i c a t e s  product  i s  forming and then  undergoing secondary 
The t r e n d  is extended s i g n i f i c a n t l y  a t  longer  t imes wi th  C, 

The s i t u a t i o n  f o r  a romat ic  s u b s t i t u t e d  a lkanes  i s  d i f f e r e n t .  Pyr id ine  and 
benzene r i n g s  g r e a t l y  enhance f r e e  r a d i c a l  formation. For example, the 
percent  of 2-n-pentadecyl p y r i d i n e  decomposed i n  30 minutes i s  n o t  matched by 
the  n-hexadecane unt i l  a lmost  120 minutes .  The t o t a l  y i e l d  of hydrocarbon 
products  a t  30 minutes, 36.3% f o r  2-n-pentadecyl pyr id ine  i s  not  a t t a i n e d  by 
n-hexadecane a t  180 minutes. 
both 2-n-pentadecyl p y r i d i n e  and 1-phenyl pentadecane a r e  almost equal  b u t  a 
d i s t i n c t  C,, maxima i s  observed.  The C,, compounds a r e  a l s o  favored  a t  s h o r t  
r e a c t i o n  t imes.  The t o t a l  y i e l d  i n c r e a s e s  a t  30 and 60 minutes coupled w i t h  
a s teady decrease  i n  C,, and Cx,, compensated by a dramat ic  increase  i n  
C,-C,. 
s t r e s s  and t h e n  reversed .  A t  180 minute s t r e s s  t imes,  the  n-alkane + 
1-alkene sum approximates t h a t  of a 1 5  minute s t r e s s  f o r  bo th  compounds 
(Table I). These t r e n d s  i n d i c a t e  s i g n i f i c a n t  secondary decomposition a t  
longer  p y r o l y s i s  t imes.  

For a 1 5  minute s t r e s s ,  the C,-C,, y i e l d s  f o r  

The combined n-alkane + 1-alkene y i e l d  increased  up t o  a 60 minute 

A p y r o l y s i s  mechanism c o n s i s t e n t  with t h e  observed product  d i s t r i b u t i o n  
can be p i c t u r e d  a s  fo l lows  f o r  l -phenyl  pentadecane. 
minute p y r o l y s i s  i s  shown below each  compound. The same mechanism would 
apply f o r  a long c h a i n  s u b s t i t u t e d  p y r i d i n e .  

The y i e l d  % f o r  a 1 5  

0.7% 2.0% 

3 .3% 
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G F  

, E > 0"'" +n-C 11 

/ 
0.0% 0.1% 

0.3% 

0.0% 

+n-C12 

0 . 3 %  

14 t c=c 

0.0% 

Bond-scission r e a c t i o n s  i n i t i a t e  ( o r  a r e  the  f i r s t  s t e p s  i n )  t h e  mechanisms 
of  the  thermal p y r o l y s i s  of hydrocarbons. 

The s u b s t i t u t e d  benzenes produced i n  r e a c t i o n s  a t o  e a l l  thermally form 
v i a  f r e e  r a d i c a l s ;  s l p h a  i n  s t e p  a ,  gamma i n  s t e p s  b-c, b e t a  i n  s t e p s  d-e and 
on a l l  o ther  carbons of the alkane s i d e  chain.  This  i s  followed by beta-  
s c i s s i o n  r e s u l t i n g  i n  t h e  product mix shown f o r  s t e p s  a-e. 

The f r e e  r a d i c a l  can be formed randomly on any carbon of t h e  s ide  cha in  a s  
can be seen i n  the  product  breakdown. While most s u b s t i t n t e d  benzenes a r e  
observed a t  s h o r t  p y r o l y s i s  t imes,  toluene predominates a t  a l l  t imes 
i n d i c a t i n g  t h e  gamma p o s i t i o n  i s  t h e  most vu lnerable  t o  p y r o l y s i s  and t h a t  
w i t h  increas ing  p y r o l y s i s  time secondary p y r o l y s i s  s t e p s  a r e  of major 
importance. 

The pyr id ine  s u b s t i t u t e d  a lkenes  s r e  formed i n  cons iderable  y i e l d  a t  s h o r t  
p y r o l y s i s  t imes,  b u t  a f t e r  30 minutes. the  o l e f i n  concent ra t ion  drops t o  
zero.  The pyr id ine  s u b s t i t u e n t  enhances t h e  f r e e  r a d i c a l  breakdown of t h e  
o l e f i n .  This  i s  not  a s  dramatic  f o r  t h e  benzene d e r i v a t i v e s .  The 
s u b s t i t u t e d  o l e f i n s  decrease,  bu t  only approach z e r o  a t  180 minutes of 
p y r o l y s i s .  As p y r o l y s i s  t imes increase ,  the  s u b s t i t u t e d  a lkanes  decrease i n  
cha in  length  wi th  2-methyl pyr id ine  and 2-ethyl pyr id ine  u l t i m a t e l y  being t h e  
major products .  With the  s u b s t i t u t e d  benzenes, toluene and s tyrene  a r e  t h e  
major products  a t  longer  p y r o l y s i s  t imes.  
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For 1-phenyl pentadecane. to luene  i n c r e a s e s  from 3.3% a t  a 1 5  minute S t r e s s  
t o  14.9% f o r  a 180 minute s t r e s s .  For 1-phenyl te t radecane ,  the  toluene 
y i e l d  i n c r e a s e s  from 3.22 a t  1 5  minutes  t o  14.8% f o r  a 180 minute s t r e s s .  
The s teady  bui ldup of t h e  toluene y i e l d  i s  reasonable  s ince  i t  has  been found 
t o  be extremely r e s i s t a n t  t o  p y r o l y s i s  a t  temperatures  below 9OOOC (11) .  It 
is, however, q u i t e  r e a c t i v e  i n  t h e  1200-15OOOC temperature  range.  These 
temperatures  f a r  exceed any i n  t h e  p r e s e n t  s tudy.  This  thermal s t a b i l i t y  i s  
no t  d i sp layed  by any of t h e  o t h e r  longer  c h a i n  s u b s t i t u t e d  benzenes. 

For 2-n-pentadecyl p y r i d i n e ,  on ly  two s u b s t i t u t e d  p y r i d i n e s  (2-methyl and 
2-ethyl) were found t o  be p y r o l y s i s  r e s i s t a n t  a t  these  experimental  
condi t ions .  

The C,-C, product d i s t r i b u t i o n  was determined f o r  the  60 minute p y r o l y s i s  
only.  This was t h e  s t r e s s  time a t  which t h e  n-alkane + 1-alkene sum was 
maximized. Table I1 i l l u s t r a t e s  t h e  C, and h igher  sum of the  n-alkanes + 
1-alkenes. 
approximately 14% f o r  the  s u b s t i t u t e d  benzenes. The C, and C, y i e l d s  a r e  
approximately equal (2-38). The t o t a l  n-alkane + 1-alkene y i e l d  percentage  
was 34.1% f o r  1-phenyl pentadecane.  31.9% f o r  2-n-pentadecyl p y r i d i n e ,  and 
32.5% f o r  1-phenyl te t radecane .  

The C,-C, y i e l d  was 16% f o r  t h e  s u b s t i t u t e d  p y r i d i n e s  and 

2-Methyl octadecane was found t o  be s i g n i f i c a n t l y  l e s s  r e a c t i v e  than t h e  
p y r i d i n e  o r  benzene s u b s t i t u t e d  a lkanes .  It i s  more r e a c t i v e  than t h e  
n-hexadecane. This  i s  reasonable  s i n c e  the  2-methyl octadecane product  
d i s t r i b u t i o n  could be expla ined  by the p r e f e r e n t i a l  a t t a c k  on the  t e r t i a r y  
hydrogen, the weakest C-H bond. 
was q u i t e  s i m i l a r  t o  the  n-hexadecane. 

The t o t a l  product  d i s t r i b u t i o n  (C, and up)  

S u b s t i t u t e d  cyclohexanes would be expected t o  be l e s s  r e a c t i v e  than e i t h e r  
the  pyr id ines  o r  the benzenes. S u r p r i s i n g l y ,  i t  was a l s o  l e s s  r e a c t i v e  than  
n-hexadecane o r  2-methyl octadecane a t  p y r o l y s i s  t imes of 60 minutes and 
l e s s .  The products  o t h e r  than  t h e  n-alkanes and 1-alkenes include toluene,  
benzene, and methyl cyclohexenes. The lower than  expected conversion i s  due 
t o  s e l f  i n h i b i t i o n  by the methyl cyclohexenes.  Cyclohexene has  been used by 
s e v e r a l  au thors  a s  a f r e e  r a d i c a l  scavenger  ( 1 2 ) .  A t  s h o r t  p y r o l y s i s  t imes 
t h e  methyl cyclohexene s t a r t s  a s teady  bui ldup.  A s  i t s  concent ra t ion  
i n c r e a s e s ,  aromatic compounds b e g i n  t o  appear .  It would seem t h a t  these  
aromatic  compounds a r e  the  secondary products  which a r e  formed from the  
decomposition of t h e  s u b s t i t u t e d  cyclohexenes.  That toluene was t h e  only 
s u b s t i t u t e d  benzene formed was not  s u r p r i s i n g  based on i t s  s t a b i l i t y  and t h e  
observed toluene y i e l d  from t h e  p y r o l y s i s  of t h e  1-phenyl pentadecane. 
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1-Phenylpen tadecane 

h 

TABLE I 

Alkane and Alkene % Yield froil Pyrolysis 

1-Phenyltetradecane 

15 4.2 10.1 8.0 3.6 62.5 
30 5.2 13.1 11.7 4.9 35.0 
60 9.3 10.3 20.9 4.4 8.7 
120 10.9 7.3 17.5 6.3 3.0 
180 9.3 3.8 18.4 8.1 1.0 

h 

2 

2-Methyl Octadecane 

(branched) 

15 0.6 1.3 0.7 0.1 77.1 
30 2.6 6.9 1.0 3.4 56.6 
60 7.8 12.4 2.2 6.0 34.9 
120 12.4 6.5 4.1 3.9 8.0 
180 6.8 6.6 3.0 1.7 4.7 

n-Alkane 

1-Alkene 

TOTAL 

n-Alkane 

1-Alkene 

TOTAL 

2.7 8.0 7.1 2.6 64.0 
5.7 12.9 14.1 4.5 35.4 
9.0 10.4 19.6 5.7 7.2 
9.2 8.6 20.5 6.6 4.5 
9.5 3.4 17.9 8.9 1.4 

n-Tridecyl Cyclohexane 

(Subsc.) 

0.1 0.1 0.6 0.1 87.3 
5.2 8.6 3.5 5.6 79.6 
5.3 10.7 3.6 6.1 42.0 
9.6 9.5 6.3 4.2 12.6 
9.3 5.1 6.1 2.5 3.7 

2-Pentadecyl Pyridine 

10.9 9.0 12.8 3.6 25.4 
11.0 10.9 15.5 0.1 12.0 
10.9 7.6 18.0 0.0 3.3 
6.7 2.6 18.5 0.0 0.1 

Heradecane 

0.2 1.9 95.1 
2.4 10.8 75.9 

10.3 17.6 33.6 
13.0 15.1 17.5 
22.0 10.6 5.7 

TABLE I1 

Tocel n-Alkane and 1-Alkene * 7, Yields for a 60 Minute Pyrolysis 

1-Phenyl 1-Phenyl 2-Pentadecyl 
Pentadecane Tetradecane Pyridine 

16.4 15.9 20.0 

17.7 16.6 17.9 

34.1 32.5 37.9 
- 

2-Methyl n-Tridecyl 
Hexadecane Octadecane Cyclohexane 

13.2 13.3 7.7 

19.5 17.2 12.3 

32.7 30.5 20.0 

Unsubstituced only (C, and higher) 
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Petrochemicals from O i l  Shale 
V ia  One-Step Py ro l ys i s  

Z.C. Mester, C.C.J. Shih, G. Dolbear 
and S .  Sack 

Occidental  Research Corporation 
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In t roduc t i on  

I n  the search f o r  a l t e r n a t i v e  feedstocks f o r  the  product ion o f  pe t ro -  
chemicals, o i l  shale emerged as an important candidate. The la rge  
deposits o f  o i l  shale i n  Colorado seem t o  be we l l  su i ted  t o  the  manufact- 
u r e  o f  l i g h t  a l i p h a t i c s  s ince  i t s  organic H/C  (atomic) r a t i o  i s  r e l a t i v e l y  
high (1.5-1.6) and i t s  kerogen i s  r i c h  i n  a l i p h a t i c  components (7040%) .  

The two major rou tes  t o  convert  o i l  shale i n t o  petrochemicals are shown i n  
Figure 1. For t h e  one-step p y r o l y s i s  t h e  most extensive previous s tud ies  
were c a r r i e d  out by researchers at  the Bureau o f  Mines i n  the f i f t i e s  
( 1 - 5 ) .  The i r  work focused on gasoline.manufacture but they also measured 
t h e  y i e l d s  o f  l i g h t  hydrocarbons. Other sources also ind ica ted  the  
generat ion o f  ethylene v i a  shor t  residence t ime py ro l ys i s  ( 6 )  and 
employing ox ida t i ve  py ro l ys i s  (7 ) .  

Two-step py ro l ys i s  received f a r  more a t ten t i on  than the  one-step because 
it r e l i e s  heav i l y  on convent ional ,  crude o i l  based technologies (8,9). 
The p o t e n t i a l  o f  t h i s  method fo r  the petrochemical indus t ry  i s  we l l  
documented i n  recent p u b l i c a t i o n s  (10-12). We decided t o  undertake a 
study o f  t he  one-step py ro l ys i s  s ince we f e l t  t h a t  it was lack ing  a f resh, 
systematic i nves t i ga t i on  and we wanted t o  evaluate i t s  economic 
po ten t i a l .  

Experiment a1 

For the  experimental study Anv i l  Po in t  I 1 1  o i l  shale was selected. Some 
o f  i t s  pe r t i nen t  a n a l y t i c a l  da ta  are presented i n  Table 1. 

The experiments were conducted i n  a labora tory  py ro l y i s  apparatus which 
was designed fo r  t o t a l  mass capture (F igure  2 ) .  

I n  a t y p i c a l  run  the  pu lver ized  o i l  shale (120--140 mesh) was fed from a 
screw feeder, mixed w i th  the  c a r r i e r  gas (n i t rogen  o r  carbon d iox ide) ,  and 
passed through the  py ro l ys i s  zone. - Spent shale and t a r s  were separated 
from the  gases and the  gas was c o l l e c t e d  i n  a bu re t te  by water displace- 
ment. 
f o r  analysis.  
l ines,  d i d  not reach the  bure t te ,  samples were also taken a t  the sol id/gas 
separator. 

A t  the  end of the  run  the  gas was pressure equalized and sampled 
Since some f r a c t i o n  o f  t h e  gas, even a f t e r  purging the  

The y i e l d s  were ca lcu la ted  by combining these two analyses. 
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